Lung cancer is one of the leading causes of malignancy-related death worldwide. Non-small-cell lung cancer accounts for 80% of lung cancer cases, with adenocarcinoma being the major subtype. The virulence of this cancer is mediated in part by its specific and aggressive metastasis to regional lymph nodes, brain, bone marrow, liver, adrenal grand and contralateral lung. Indeed, \<15% of lung cancer patients survive beyond 5 years after diagnosis ([@bib3]).

Chemokines belong to a superfamily of small proteins that bind to and activate a family of chemokine receptors. In particular, the interaction between a chemokine receptor and its ligand has a very significant role in cancer metastasis and tumorigenesis ([@bib14]; [@bib16]). CC chemokine receptor 7 (CCR7) is a G-protein-coupled receptor for the CC chemokine ligands CCL21 and CCL19. CC chemokine receptor 7 is preferentially expressed on naive T cells and mature dendritic cells, and the CCR7--CCL21 axis contributes to the acquired immune response ([@bib10]). Many reports have revealed that the expression of the chemokine receptor CCR7 on cancer cells induces metastasis to regional lymph nodes ([@bib14]; [@bib1]; [@bib4]; [@bib12]). On the other hand, [@bib5] reported an antitumour effect of CCL19. Therefore, we became interested in the function of the CCR7--ligands axis, which appears to be associated with both good and bad outcomes in cancer prognosis. None of these earlier studies have examined the expression profiles of these chemokines and their CCR7 receptor in lung adenocarcinoma patients who had undergone resection.

Many gene amplifications and fusion of genes have been reported to be the major causes of lung cancer. The *CRKL* gene encodes an adaptor protein (CrkL) that has functions in signal transduction, and is best known as a substrate for the BCR-ABL kinase in chronic myelogenous leukaemia (CML) ([@bib17]). The CrkL Src homolog 3 domain binds constitutively to the non-receptor tyrosine kinase c-ABL in haematopoietic and non-haematopoietic cells ([@bib17]). c-ABL is involved in the regulation of cell proliferation, cell survival, cell adhesion, cell migration and apoptosis ([@bib20]). [@bib11] reported that RNA-interference-mediated knockdown of CrkL in lung cancer cell lines with amplification led to significantly decreased cell proliferation, cell-cycle progression, cell survival, and cell motility and invasion. So far, no report has described an association between CCR7 chemokine receptor and c-ABL and CrkL in lung cancer; however, if a link between these entities could be established, it might lead to a better understanding of the growth mechanism and metastasis in lung cancer.

The epidermal growth factor receptor (EGFR) is a transmembrane phosphoglycoprotein that has been identified in almost all adult tissues, with the exception of haematopoietic cells, and overexpression and constitutive activation of EGFR occurs in several solid human cancers, including lung adenocarcinoma ([@bib3]). Some authors have reported on a relationship between *EGFR* gene mutations and CrkL and c-ABL functions ([@bib21]; [@bib6]). *TP53* is a tumour suppressor gene, and its mutation in genomic DNA causes many malignant diseases, including lung cancer ([@bib3]).

In this report, we examined and evaluated the expressions of chemokine receptor CCR7 and the ligands (CCL19 and CCL21) CrkL and c-ABL in lung adenocarcinoma specimens, as well as their effect on the prognosis after surgical operation in a historical cohort study. We also analysed the effects of EGFR and TP53 gene mutations on the CrkL and c-ABL mRNA expressions. Moreover, we examined the distributions of CCR7, CrkL and c-ABL proteins by immunohistochemistry in the lung adenocarcinoma specimens.

Materials and methods
=====================

Patients and tissue samples
---------------------------

This study was conducted at Chiba Cancer Center according to the principles of the Declaration of Helsinki with its current amendments. The study was approved by the institutional review boards/ethics committees of Chiba Cancer Center. All patients provided written informed consent. A total of 120 consecutive patients with adenocarcinoma who were treated in the Department of Thoracic Disease, Chiba Cancer Center from 1997 to 2004 were randomly selected for this analysis. Clinical data for patients involved were obtained from patient medical records, chest X-ray films, whole-body computed tomography films, bone scanning data and operation records.

A total of 120 patients underwent complete resection of the lobe or segment in which the tumour resided, and received hilar and mediastinal lymph node dissections. All tissue samples were immediately snap-frozen in liquid nitrogen and stored at −80 °C until use.

For histological examination, samples were fixed in 10% (v v^−1^) formalin and then embedded in paraffin. A 4-*μ*m section was prepared from each sample and stained with haematoxylin and eosin.

Pathological staging was determined using the current tumour node metastasis classification system (International Association for the Study of Lung Cancer). The histological type and the grade of cell differentiation in these patients were determined using the pathological diagnosis by two pathologists at the Chiba Cancer Center of Pathology, and then confirmed by one pathologist specialising in lung pathology according to the World Health Organization Classification System 2004.

RNA isolation and RT--PCR analysis
----------------------------------

Total RNA was isolated from the resected specimens during the operation using TRIzol (Invitrogen, Carsbad, CA, USA) and in accordance with the manufacturer\'s instructions.

To digest the contaminating DNA, the RNA extract was incubated with RNase-free DNase I (Amersham Pharmacia Biotech, Uppsala, Sweden) during RNA isolation. Reverse transcription (RT) of total RNA was performed using Ready-To-Go You-Prime First-Strand Beads (Amersham Biosciences, Piscataway, NJ, USA) and random hexamers (Amersham Biotech, USA). To quantify the expression of the chemokine ligand and receptor genes, real-time polymerase chain reaction (PCR) was performed using the ABI 7700 (Perkin-Elmer Applied Biosystems, Foster City, CA, USA) according to the manufacturer\'s protocol. The sense and antisense primers used for quantitative amplification of CCR7, CCL19, CCL21, CrkL and c-ABL mRNAs and those used for amplification of glyceraldehyde-3-phosphate dehydrogenase (GAPDH), used as an internal control, are provided in the [Supplementary Table 1](#sup1){ref-type="supplementary-material"}.

The quantification data were analysed with the Light Cycler analysis software version 5.03 (Rosche Applied Science, Penzberg, Germany). Each mRNA expression level was standardised with GAPDH mRNA expression, and then they were indicated as the ratio to the lowest expression sample in the gene.

*EGFR* gene and *TP53* gene mutation detection
----------------------------------------------

Genomic DNA was extracted from each frozen tumour sample, and each exon of the *EGFR* gene (exons 18--21) and *TP53* gene (exons 4--8) was amplified by PCR ([@bib19]).

Immunohistochemical analysis
----------------------------

For immunohistochemical (IHC) staining of CrkL, c-ABL and CCR7, formalin-fixed and paraffin-embedded (FFPE) tissue sections were heated at 98 °C for 20 min and then rinsed with PBS. The sections were incubated with goat anti-CCR7 polyclonal antibody (8 *μ*g ml^−1^; Abcam, Cambridge, MA, USA), antiphospho CrkL (Tyr207) antibody (20 *μ*g ml^−1^; Cell Signaling Technology, Danvers, MA, USA), antiphospho (Y412) c-ABL antibody (20 *μ*g ml^−1^; Abcam) and control goat IgG antibody (8 *μ*g ml^−1^; Beckman Coulter, Brea, CA, USA) for a negative control, as recommended by the manufacturer or suppliers.

Following staining by biotin-conjugated secondary antibody, horseradish peroxidase--streptavidin were applied to the samples, counterstaining was performed and the staining pattern was evaluated by an expert pathologist. All tissue sections of IHC staining were scanned by the NanoZoomer scan system (Hamamatsu Photonics, Hamamatsu, Japan). All IHC analyses were carried out by the co-workers and medical technologists, and the analyses were supervised by expert pathologists.

Laser capture microdissection, RNA isolation and RT from FFPE sections
----------------------------------------------------------------------

After toluidine blue staining, dissection was performed using a laser capture microdissection microscope (Leica AS LMD; Leica Microsystems, Wetzlar, Germany) with a pulsed 337-nm UV laser (Leica Microsystems). Tumour sites and normal lungs in FFPE tissue sections were dissected and collected into individual tubes filled with PKD buffer of the RNeasy FFPE kit (Qiagen, Venlo, Netherlands). Total RNA was purified with the RNeasy FFPE kit (Qiagen). Complementary DNA synthesis was performed with a Reverse Transcription Kit (Takara, Shiga, Japan), and then quantitative PCR was carried out as described above.

Detection of CCR7 expression area in tissue sections by IHC staining
--------------------------------------------------------------------

Twenty FFPE samples were selected from each of 10 upper and lower CCR7 mRNA expression samples in the 120 samples analysed in this examination. To measure CCR7 expression areas in lung cancer, the whole tissue sections of IHC staining were scanned by the NanoZoomer scan system (Hamamatsu Photonics, Hamamatsu, Japan). Then, five images of 3.5 × 1.96 mm were selected from the scanned image data by the NDP image software (Hamamatsu Photonics). In the ImageJ analysis software, the ImageJ plugin for colour deconvolution has a built-in vector for separating haematoxylin (H) and diaminobenzidine (DAB) staining ([@bib13]). After colour deconvolution, DAB images were processed. Thresholding creates binary masks of DAB-positive areas. The number of DAB-positive pixels was calculated. The results were indicated as the percentage of DAB-positive pixels in all the pixels of the image. The mean value of five images was calculated for 20 tissue samples. The results were indicated as percentages of the mean value of 10 tissue samples of CCR7 mRNA high-expression (CCR7-hi) and low-expression (CCR7-lo) groups.

Statistical analysis
--------------------

Box and whisker plots summarise the values of distributions in this study: the central box covers the interquartile range, with the median indicated by the line within the box. The whiskers extend either to the 10 and 90% percentile values or to the most extreme values within 1.5 interquartile ranges of the quartiles, in which case more extreme values are plotted individually ([Figures 1C--F](#fig1){ref-type="fig"}, [2C--F](#fig2){ref-type="fig"} and ).

The median value of the series was used to classify each case as having high or low CCR7, CrkL and c-ABL mRNA expression, and to compare their relationships with the other biological parameters and clinical follow-up. The significance of differences in categorical data was tested using the *χ*^2^ test. Differences between continuous variables were examined using the Student\'s *t*-test if the continuous variables were normally distributed, or using Mann--Whitney\'s *U*-test if not normally distributed. Comparison among three continuous variables was performed using analysis of variance. Survival was defined as the time from surgery to death from any cause. Time to recurrence was defined as the time from surgery to documented disease progression or cancer-specific death. The postoperative survival rate and recurrence-free survival rate were analysed using the Kaplan--Meier (Mantel--Cox test) method with the completely resected 120 patients, and the differences between groups were assessed by the log-rank test.

Prism 5 (GraphPad Software Inc., San Diego, CA, USA) was used to perform statistical calculations. The analysis of prognostic factors was performed using the Cox proportional hazard model by Prism 5, and Spearman\'s rank correlation coefficient was analysed by Prism 5. Differences were considered to be statistically significant if the *P*-value was \<0.05.

Results
=======

Patient status in tumour tissues obtained from lung adenocarcinoma
------------------------------------------------------------------

As shown in [Table 1](#tbl1){ref-type="table"}, mutation detection analysis of the *EGFR* and *TP53* genes were evaluated in 120 patients\' lung specimens. Our results showed that *EGFR* gene mutations existed in 57 of 120 patients (47.5%). *TP53* mutations were detected in 53 of 120 patients (44.2%) ([Table 1](#tbl1){ref-type="table"}). Epidermal growth factor receptor mutations had a significantly high frequency in non-smokers and women, but no significant differences were found between higher age and lower age (data not shown).

No significant difference between high and low CrkL and c-ABL mRNA expressions in lung adenocarcinoma patients related to overall survivals
-------------------------------------------------------------------------------------------------------------------------------------------

To evaluate the prognostic significance of CrkL mRNA and c-ABL mRNA expression status, patients were divided into groups with higher or lower mRNA expression (CrkL-hi and CrkL-lo, c-ABL-hi and c-ABL-lo), with the median value as a cutoff. High and low CrkL and c-ABL mRNA expressions related to clinical characteristics and gene mutation status are indicated in [Table 2](#tbl2){ref-type="table"}. In the overall survival rates, there were no significant differences between patients with higher or lower CrkL mRNA (*P*=0.42, HR=0.81, 95% CI of ratio: 0.49--1.34), or c-ABL mRNA (*P*=0.72, HR=0.91, 95% CI of ratio: 0.55--1.50) expression ([Figure 1A and B](#fig1){ref-type="fig"}, respectively).

Correlation between *EGFR* gene mutations and CrkL and c-ABL mRNA expression
----------------------------------------------------------------------------

The influence of *EGFR* and *TP53* mutations on CrkL and c-ABL mRNA expressions in lung cancer specimens was examined. The EGFR mutation-positive group (*n*=57) showed significantly higher CrkL and c-ABL mRNA expressions ([Figure 1C and D](#fig1){ref-type="fig"}) than did the *EGFR* mutation-negative group (*n*=63). On the other hand, there were no significant differences in CrkL and c-ABL mRNA expressions between *TP53* mutation-positive (*n*=53) and -negative (*n*=67) groups ([Figure 1E and F](#fig1){ref-type="fig"}).

CCR7-hi mRNA expression is a good prognostic factor in lung adenocarcinoma patients for overall and recurrence-free survival
----------------------------------------------------------------------------------------------------------------------------

To evaluate the prognostic significance of CCR7 mRNA expression status, patients were divided into two groups with higher or lower mRNA expression, respectively, with the median value as a cutoff. The clinical characteristics and gene mutation status of each group of CCR7-hi mRNA expression and CCR7-lo mRNA expression are indicated in [Table 2](#tbl2){ref-type="table"}. There were no significant differences in the nodal status and lymphatic invasion between the CCR7-hi and CCR7-lo samples ([Supplementary Table 2](#sup1){ref-type="supplementary-material"}). In the overall survival rate, there was a significantly better prognosis for patients with higher CCR7 mRNA expression compared with that for patients with lower CCR7 mRNA expression (*P*=0.007, HR=0.50, 95% CI of ratio: 0.30--0.82) ([Figure 2A](#fig2){ref-type="fig"}). Similar results were seen in recurrence-free survival rates for higher and lower CCR7 mRNA expression (*P*=0.007, HR=0.50, 95% CI of ratio: 0.30--0.82) ([Figure 2B](#fig2){ref-type="fig"}).

CCR7 mRNA expression was related to CrkL and c-ABL mRNA expressions in lung adenocarcinoma specimens
----------------------------------------------------------------------------------------------------

The correlation between CrkL and c-ABL mRNA expression with the level of chemokine receptor CCR7 mRNA expression was examined. A total of 120 patients were divided into two groups CrkL-hi mRNA expression (*n*=60) and CrkL-lo mRNA expression (*n*=60), respectively. As shown in [Figure 2C](#fig2){ref-type="fig"}, the mean value of CCR7 mRNA in the CrkL-hi mRNA expression group was significantly higher than that of the CrkL-lo mRNA expression group (*P*\<0.0001). Furthermore, CCR7 mRNA of the c-ABL-hi group was also significantly higher than that of the c-ABL-lo group ([Figure 2D](#fig2){ref-type="fig"}; *P*\<0.0001).

A statistical correlation analysis indicated significant correlation between CCR7 mRNA and CrkL mRNA expressions by Spearman\'s rank correlation coefficient ([Table 3](#tbl3){ref-type="table"}). In addition, a significant correlation was seen between expressions of the mRNAs for CCR7 and c-ABL, and between CrkL and c-ABL ([Table 3](#tbl3){ref-type="table"}).

Combination of CCR7-hi mRNA expression and CrkL-lo or c-ABL-lo mRNA expression was a good prognostic factor in lung adenocarcinoma specimens
--------------------------------------------------------------------------------------------------------------------------------------------

Next, we evaluated the influence of the combination of CrkL and c-ABL with CCR7 mRNA expression on the lung cancer prognosis. A total of 120 patients were divided into two groups, one with CrkL-hi mRNA expression and the other with CrkL-lo mRNA expression. In addition, each group was divided into two subgroups according to CCR7 mRNA expression in their lung adenocarcinoma specimens. The same division and analysis were carried out for c-ABL and CCR7. The CrkL-lo and CCR7-hi mRNA expression groups showed a significantly higher survival rate than the CCR7-lo and CrkL-lo mRNA expression group (*P*=0.0006, hazard Ratio=0.29, 95% CI of ratio: 0.14--0.59) ([Figure 3A](#fig3){ref-type="fig"}). In addition, the combination of c-ABL-lo mRNA and CCR7-hi mRNA expression resulted in a higher survival rate than those of the CCR7-lo and c-ABL-lo mRNA expression group (*P*=0.014, hazard ratio=0.41, 95% CI of ratio: 0.20--0.84) ([Figure 3B](#fig3){ref-type="fig"}). However, we could not find significant differences of survival rates between the other combination groups in [Figure 3A and B](#fig3){ref-type="fig"}.

CCL19-hi mRNA expression is a good prognostic factor in lung adenocarcinoma patients for overall survival and recurrence-free survival
--------------------------------------------------------------------------------------------------------------------------------------

Because a CCR7-hi expression in the tumours was associated with antitumour activity, we analysed the status of the CCR7 ligands\', CCL19 and CCL21, expression in the tumour samples. A total of 120 patients were divided into two groups, one with a CCL19-hi mRNA expression (*n*=60) and the other with a CCL19-lo mRNA expression (*n*=60), with the median value as a cutoff. There was a significantly better prognosis for patients with higher CCL19 mRNA expression compared with that for patients with lower CCL19 mRNA expression, as indicated in the overall survival rates (*P*=0.040, HR=0.59, 95% CI of ratio 0.36--0.97) ([Figure 4A](#fig4){ref-type="fig"}). Similar results were seen in higher recurrence-free survival rates for patients with higher CCL19 mRNA expression (*P*=0.035, HR=0.58, 95% CI of ratio 0.35--0.96) ([Figure 4B](#fig4){ref-type="fig"}).

The survival rates for different combinations of CCL19 and CCL21 mRNA expression with CCR7 mRNA expression in the lung cancer specimens were examined. A total of 120 patients were divided into four groups according to the median values of CCR7 and CCL19 mRNA expression status in the tumour (CCR7-hi/CCL19--hi, *n*=47; CCR7-hi/CCL19--lo, *n*=13, CCR7-lo/CCL19--hi, *n*=14; CCR7-lo/CCL19--lo, *n*=46). The overall survival rate of the CCR7-lo/CCL19-lo group was significantly lower than that of the CCR7-hi/CCL19-hi group and the CCR7-hi/CCL19-lo group ([Figure 4E](#fig4){ref-type="fig"}; *P*=0.0043, HR=0.45, 95% CI of ratio: 0.26--0.77; *P*=0.041, HR=0.46, 95% CI of ratio: 0.22 to 0.97, respectively). We did not find significant differences in the survival rates of the CCL21-hi mRNA and CCL21-lo mRNA expression groups, or of the groups with combination expressions of CCL21 mRNA and CCR7 mRNA ([Figure 4C, D and F](#fig4){ref-type="fig"}).

IHC analysis of CCR7, CrkL and c-ABL in lung adenocarcinoma
-----------------------------------------------------------

To gain a better insight into the distribution of CCR7, CrkL and c-ABL expressions, the protein expressions of each molecule were confirmed with IHC analysis of the specimens. A strong staining of CCR7 was seen in the cytoplasm of epithelial cancer cells in large fields of the tumour area (indicated by arrow, [Figure 5A](#fig5){ref-type="fig"}), and CCR7 was regionally stained in cells infiltrating the cancer stroma (indicated by arrowhead, [Figure 5A](#fig5){ref-type="fig"}).

On the other hand, the expression of CrkL and c-ABL proteins was seen in the cytoplasm of epithelial cancer cells in parts of the tumour (indicated by arrow, [Figure 5B and C](#fig5){ref-type="fig"}, respectively) and cancer stroma lesion (indicated by arrowhead, [Figure 5B and C](#fig5){ref-type="fig"}, respectively). We detected no immunostaining in cancer epithelial cells or stroma cells in the lung cancer specimens by control goat IgG ([Figure 5D](#fig5){ref-type="fig"}).

To confirm the results of the CCR7 mRNA expression status, we measured the CCR7 IHC staining area (see the slide images in [Supplementary Figure 1](#sup1){ref-type="supplementary-material"}). The CCR7 IHC expression areas of the upper and lower CCR7 mRNA expression groups were analysed in tissue samples, as described in Materials and Methods. The mean values of percent CCR7 protein expression areas are indicated in [Figure 5E](#fig5){ref-type="fig"}. The percent CCR7 protein expression area of the CCR7-hi mRNA expression group is significantly higher than that of the CCR7-lo mRNA expression group ([Figure 5E](#fig5){ref-type="fig"}, *P*=0.0284).

mRNA expressions by LCM isolation and RT from FFPE sections
-----------------------------------------------------------

We dissected specimens with laser capture microdissection from the tumour site in PPFE samples (*n*=8) of randomly selected lung adenocarcinoma specimens that were surgically resected and performed relative quantitative RT--PCR analyses. Taken together with this process, we also dissected normal lung tissue of the PPFE samples (*n*=8) and examined mRNA expression. Expression of the mRNAs for chemokine receptor CCR7, CrkL and c-ABL in the tumour site was confirmed by laser capture microdissection ([Figure 6A--C](#fig6){ref-type="fig"}). On the other hand, the expression of each of the mRNAs was very low in normal lung tissue ([Figure 6A--C](#fig6){ref-type="fig"}).

Discussion
==========

The results of our study showed that a high expression of CCR7 in lung adenocarcinoma was a good prognostic factor ([Figure 2A and B](#fig2){ref-type="fig"}). This result was confirmed by CCR7 protein expression in IHC of lung adenocarcinoma specimens ([Figure 5E](#fig5){ref-type="fig"}). A high expression of CCL19, a ligand of CCR7, was a good prognostic factor in lung adenocarcinoma ([Figure 4A and B](#fig4){ref-type="fig"}). This CCL19 function in lung adenocarcinoma corroborates the report that CCL19 promotes IFN-*γ*-dependent antitumour responses in a lung cancer model ([@bib9]). In addition, a double loss of CCR7 and CCL19 brought about very poor prognosis ([Figure 4E](#fig4){ref-type="fig"}). These results suggest that CCR7 cooperates with CCL19 and may have antimetastatic and antitumorigenic activity in lung adenocarcinoma. The CCR7 expression did not affect the nodal status and lymphatic invasion ([Supplementary Table 2](#sup1){ref-type="supplementary-material"}); however, we anticipate that the antitumorigenic activity of CCR7/CCL19 uses the activation of antitumour immune responses.

In our study, we detected CrkL and c-ABL mRNA in all specimens of surgically resected lung adenocarcinoma. CrkL and c-ABL are considered important factors in the pathogenesis of lung adenocarcinoma themselves. Thus, lower and higher expressions of CrkL and c-ABL mRNA did not influence the survival ([Figure 1A and B](#fig1){ref-type="fig"}). Our results showed that CrkL and c-ABL mRNA expressions are related to CCR7 mRNA expression in lung adenocarcinoma specimens ([Figure 2C and D](#fig2){ref-type="fig"} and [Table 3](#tbl3){ref-type="table"}). As [@bib18] reported with regard toCML, these results indicate the possibility that c-ABL signals may alter chemokine receptor expression, leading to the upregulation of CCR7 of lung cancer cells and cancer-related cells. In addition, high expressions of CrkL mRNA in surgically resected specimens are associated with decreased survival rates in patients with high expressions of CCR7 mRNA ([Figure 3A](#fig3){ref-type="fig"}).

CrkL and c-ABL mRNA expressions were also significantly increased by *EGFR* gene mutations ([Figure 1C and D](#fig1){ref-type="fig"}). These results indicated that EGFR thymidine kinase signalling influenced CrkL and c-ABL mRNA expression. Our results showing a relationship between c-ABL and EGFR are reasonable in light of a previous report that showed that the activated ABL kinase phosphorylated the EGFR and inhibited EGFR internalisation, and that the c-ABL also was activated by ligand-stimulated EGFR ([@bib21]). Thus, the EGFR and c-ABL/CrkL functions have been linked to the pathogenesis of cancer. Meanwhile, *TP53* mutations did not affect CrkL and c-ABL mRNA expression in the tumour sites of lung adenocarcinoma ([Figure 1E and F](#fig1){ref-type="fig"}).

In the IHC analysis, epithelial cancer cells were stained with anti-CCR7, anti-CrkL and c-ABL antibodies ([Figure 5A--C](#fig5){ref-type="fig"}). The distribution of each expressed protein varied in different cancer cell specimens ([Figure 5A--C](#fig5){ref-type="fig"}). CC chemokine receptor 7-positive cells were widely seen among the epithelial cancer cells ([Figure 5A](#fig5){ref-type="fig"}), and CCR7-positive cells were seen in the cancer stroma ([Figure 5A](#fig5){ref-type="fig"}). Dendritic cells and memory T cells express CCR7; these cells participate in acquired immune responses and antitumour effects ([@bib7]). Therefore, CCR7-positive epithelial cancer cells and cells infiltrating the cancer stroma may join up to improve the overall survival rates in a postoperative patient with lung adenocarcinoma ([Figures 2A](#fig2){ref-type="fig"} and [5A](#fig5){ref-type="fig"}). c-ABL-positive cells were seen among some epithelial cancer cells, and large mononuclear cells those were considered to be tumour-associated macrophages infiltrating cancer epithelial spaces ([Figure 5C](#fig5){ref-type="fig"}). CrkL-positive epithelial cancer cells were seen locally in parts of the cancer lesion ([Figure 5B](#fig5){ref-type="fig"}). We used antiphospho CrkL (Tyr207) antibody and antiphospho (Y412) c-ABL antibody for IHC analysis. These are antibodies against activated phosphorylated proteins ([@bib8]; [@bib2]; [@bib15]). These results indicated that active types of c-ABL and CrkL are expressed in cancer cells or cancer-related cells and contribute to maintaining the cancer system. Furthermore, we detected these mRNAs in the tumour sites using laser capture microdissection ([Figure 6](#fig6){ref-type="fig"}).

We need to conduct further analyses on the roles of CCR7, CrkL and c-ABL in lung cancer by unravelling the complicated riddle of the functions of chemokines, interaction with their receptors and their signal factors in cancer cells. This is the first report for a clinical approach to study the interaction among chemokines, CrkL and c-ABL in cancer.

By examining the expression of CCR7, c-ABL and CrkL mRNAs and proteins in lung adenocarcinoma, we conclude that they are preferentially expressed in primary tumour lesions. A CCR7-hi mRNA expression resulted in a good prognosis, and the effects were modified by CrkL and c-ABL expression status. In addition, we also found that CCL19 expression in lung adenocarcinoma was a good prognostic factor, and that EGFR gene mutations affected the CrkL and c-ABL mRNA expressions in lung adenocarcinoma.
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![Effects of CrkL and c-ABL on the survival of the patients with surgically resected lung adenocarcinoma. (**A**) Overall survival in relation to high (hi) and low (lo) CrkL mRNA expression in the tumour site (*P*=0.42, HR=0.81, 95% CI of ratio 0.49--1.34). (**B**) Overall survival in relation to hi and lo c-ABL mRNA expression in the tumour site (*P*=0.72, HR=0.91, 95% CI of ratio 0.55--1.50). In (**C--F**), the effects of *EGFR* and *TP53* gene mutations on CrkL and c-ABL mRNA expression in surgically resected lung adenocarcinoma specimens are indicated. The values of CrkL and c-ABL mRNA expression according to *EGFR* gene mutation status are indicated as box and whisker plots (**C** and **D**, respectively). The values of c-ABL and CrkL mRNA expression according to *TP53* gene mutation status are indicated as box and whisker plots (**E** and **F** respectively). \**P*-value is \<0.01.](bjc2013440f1){#fig1}

![Effects of CCR7 in patients with surgically resected lung adenocarcinoma. (**A**) Overall survival in relation to high (hi) and low (lo) CCR7 mRNA expression in the tumour site (*P*=0.007, HR=0.50, 95% CI of ratio 0.30--0.82). (**B**) Recurrence-free survival in relation to hi and lo CCR7 mRNA expression in the tumou site (*P*=0.007, HR=0.50, 95% CI of ratio 0.30--0.82). Two groups were formed according to the CrkL and c-ABL mRNA expression status, and then the values of CCR7, c-ABL and CrkL mRNA relative quantities were evaluated within each group (**C**--**F**). \**P*-value is \<0.0001.](bjc2013440f2){#fig2}

![Effect of combinations between CCR7 and CrkL and c-ABL mRNA expression on the survival of patients with surgically resected lung adenocarcinoma. (**A**) Overall survival of patients with various combinations of CCR7 and CrkL mRNA expression status. The CrkL-lo and CCR7-hi mRNA expression groups showed a significantly higher survival rate than the CCR7-lo and CrkL-lo mRNA expression groups (*P*=0.0006, hazard Ratio (HR)=0.29, 95% CI of ratio: 0.14--0.59) (CCR7-hi/CrkL-hi, *n*=42; CCR7-hi/CrkL-lo, *n*=18; CCR7-lo/CrkL--hi, *n*=18; CCR7-lo/CrkL--lo, *n*=42). (**B**) Overall survival in relation to the combination of CCR7 and c-ABL mRNA expression status. The combination of c-ABL-lo mRNA and CCR7-hi mRNA expression resulted in a significantly higher survival rate than that of the CCR7-lo and c-ABL-lo mRNA expression groups (*P*=0.014, HR=0.41, 95% CI of ratio: 0.20--0.84) (CCR7-hi/c-ABL--hi, *n*=39; CCR7-hi/c-ABL--lo, *n*=21; CCR7-lo/c-ABL--hi, *n*=21; CCR7-lo/c-ABL--lo, *n*=39).](bjc2013440f3){#fig3}

![Effects of chemokine ligands 19 and 21 (CCL19, CCL21) mRNA expression on survival of patients with surgically resected lung adenocarcinoma. (**A**) Overall survival in relation to high (hi) and low (lo) CCL19 mRNA expression in the tumour site (*P*=0.040, HR=0.59, 95% CI of ratio 0.36--0.97). (**B**) Recurrence-free survival in relation to hi and lo CCL19 mRNA expression in the tumour site (*P*=0.035, HR=0.58, 95% CI of ratio 0.35--0.96). (**C**) Overall survival in relation to hi and lo CCL21 mRNA expression in the tumour site (*P*=0.31, HR=0.77, 95% CI of ratio 0.47--1.27). (**D**) Recurrence-free survival in relation to hi and lo CCL21 mRNA expression in the tumour site (*P*=0.15, HR=0.69, 95% CI of ratio 0.42--1.14). Effect of combinations of CCR7 and CCL19 or CCL21 mRNA expression on the survival of patients with surgically resected lung adenocarcinoma. (**E**) Overall survival in relation to combinations of CCR7 and CCL19 mRNA expression status. The overall survival rate of the CCR7-lo/CCL19-lo group was significantly lower than those of the CCR7-hi/CCL19-hi group and CCR7-hi/CCL19-lo group (*P*=0.0043, HR=0.45, 95% CI of ratio 0.26--0.77; *P*=0.041, HR=0.46, 95% CI of ratio 0.22--0.97, respectively). We cannot find significant differences of survival rates between the other combination groups (CCR7-hi/CCL19-hi, *n*=47; CCR7-hi/CCL19-lo, *n*=13; CCR7-lo/CCL19-hi, *n*=14; CCR7-lo/CCL19-lo, *n*=46). (**F**) Overall survival in relation to combinations of CCR7 and CCL21 mRNA expression status. We did not find significant differences in the survival rates (CCR7-hi/CCL21-hi, *n*=20; CCR7-hi/CCL21-lo, *n*=40; CCR7-lo/CCL21-hi, *n*=40; CCR7-lo/CCL21-lo, *n*=20).](bjc2013440f4){#fig4}

![Immunohistochemical detection of CCR7, CrkL and c-ABL in human lung adenocarcinoma. Lungs were removed from lung adenocarcinoma patients. Immunohistochemical analysis was performed using anti-CCR7 antibodies (Abs) for tumour epithelial cells (arrow) and infiltrated cells (arrowhead) in cancer stroma (**A**), antiphospho CrkL, c-ABL Abs for tumour epithelial (arrow) cells and tumour stroma (arrowhead) (**B** and **C**, respectively) and control immunoglobulin G (IgG) Abs (**D**), as described in Materials and Methods. Scale bars indicate 400 *μ*m in panels **A--D**. Panel **E** shows two areas of relative CCR7 expression (%) in IHC analysis corresponding to patient groups with CCR7 mRNA high (CCR7 mRNA-hi, *n*=10) and low (CCR7 mRNA-lo, *n*=10) expression. Significant differences were detected between the two groups (panel **E**, *P*\<0.05).](bjc2013440f5){#fig5}

![Quantitative RT--PCR expressions of CCR7, CrkL and c-ABL mRNA in specimens (*n*=8) from resected lung adenocarcinoma by laser capture microdissection. In each panel, the relative quantities of CCR7, CrkL and c-ABL mRNA in tumour and normal lung sites are indicated (**A**--**C**, respectively). Box and whisker plots summarise these distributions: the central box covers the interquartile range, with the median indicated by the line within the box. The whiskers indicate the minimum and maximum values, and all values are plotted individually.](bjc2013440f6){#fig6}

###### Clinical characteristics and distribution of gene mutations

                               **Patients (*****n*****=120)**
  ---------------------------- --------------------------------
  Mean age (years, range)      66.3 (44--82)
  **Sex, *n* (%)**             
  Male                         52 (43%)
  Female                       68 (57%)
  **Stage, *n* (%)**           
  I                            49 (40.8)
  II                           20 (16.7)
  III                          41 (34.2)
  IV                           10 (8.3)
  **Gene mutation, *n* (%)**   
  *EGFR* mutation              57 (47.5)
  *TP53* mutation              53 (44.2)

Abbreviation: EGFR= epidermal growth factor receptor.

###### Clinical characteristics and distribution of gene mutations of CCR7, CrkL and c-ABL mRNA high-expression and low-expression groups

  **Patients,** ***n*** **(%) (*****n*****=120)**   **CCR7-hi (*****n*****=60)**   **CCR7-lo (*****n*****=60)**   **CrkL-hi (*****n*****=60)**   **CrkL-lo (*****n*****=60)**   **c-ABL-hi (*****n*****=60)**   **c-ABL-lo (*****n*****=60)**
  ------------------------------------------------- ------------------------------ ------------------------------ ------------------------------ ------------------------------ ------------------------------- -------------------------------
  Smoker                                            30 (50)                        30 (50)                        28 (47)                        32 (53)                        31 (52)                         29 (48)
  **Sex**                                                                                                                                                                                                       
  Male                                              26 (43)                        26 (43)                        25 (42)                        27 (45)                        32 (53)                         24 (40)
  Female                                            34 (57)                        34 (57)                        35 (58)                        33 (55)                        28 (47)                         36 (60)
  Mean age (years)                                  64.6\*                         68.1\*                         65.57                          67.13                          66.37                           66.33
  Mean age s.d.                                     8.73                           8.39                           8.62                           8.79                           8.78                            8.71
  **Stage**                                                                                                                                                                                                     
  I                                                 25 (42)                        24 (40)                        28 (47)                        21 (35)                        25 (42)                         24 (40)
  II                                                13 (22)                        7 (12)                         6 (10)                         14 (23)                        8 (13)                          12 (20)
  III                                               18 (30)                        22 (37)                        22 (37)                        18 (30)                        22 (37)                         18 (30)
  IV                                                4 (7)                          7 (12)                         4 (7)                          7 (12)                         5 (8)                           6 (10)
  *TP53* mutation                                   22 (37)                        31 (52)                        23 (38)                        30 (50)                        21 (35)\*\*                     32 (53)\*\*
  *EGFR* mutation                                   32 (53)                        25 (42)                        34 (57)                        23 (38)                        34 (57)                         23 (38)

Abbreviations: CCR7=CC chemokine receptor 7; EGFR=epidermal growth factor receptor.

\*, \*\**P*\<0.05, *χ*^2^ test.

###### Statistical correlation analysis of CCR7, CrkL and c-ABL mRNA expression (Spearman\'s rank correlation coefficient)

                             **CCR7** ***vs*** **CrkL**   **CCR7** ***vs*** **c-ABL**   **CrkL** ***vs*** **c-ABL**
  ------------------------- ---------------------------- ----------------------------- -----------------------------
  *n*                                   120                           120                           120
  Spearman\'s *r*                       0.53                         0.52                          0.82
  95% Confidence interval            0.38--0.65                   0.37--0.64                    0.75--0.87
  *P*-value (two-tailed)              \<0.0001                     \<0.0001                      \<0.0001

Abbreviation: CCR7=chemokine receptor 7.
